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ABSTRACT 

Tb« purpose of this thesis Is to present a method and the 
fundamental data necessary to construct enthalpy-entropy dia¬ 
grams And from these dlagreuas to calculate theoretical per¬ 
formance of rocket motor propellants. The systems investigated 
using this tsethod are: 

(1) RPRA-Ammonia (1) 

(2) Ammonia (l)-OEone (1) 

(5) Hydrogen (1)-Ozone (1) 

Enthalpy-entropy diagrams for these fuels vere constructed 
for several different ralJiture ratios: over-ozldlzed, stoichio¬ 
metric, and under-ozldlsed. Performance was calculated 
assuming chamber pressures of 600 psla and ^00 psla and exhaust 
pressures of 14,7 psla, 7-?5 psla, and 0.147 psla. These 
diagrams facilitate the Investigation of the effect of varying 
chamber pressure on chamber temperature and perfortoance. They 
also facilitate Investigation of varying expansion ratio, 
varying mixtures ratios, etc. They are especially useful In 
determining the performance of step rockets where exhaust 
conditions may vary from sea level to vacuiim. 

The results of the performance calculations Indicate t^at 
performance found by using enthalpy-entropy diagrams check 
closely with those determined by other methods. The perfor¬ 
mance of the last two systems Is such as to Indicate that a 
more thorough study of them should be made. 
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INTOODoCTIOH 

Tae pr'eparation of euth 6 lpy-+?ut,''Opp’ dla^^raiis stei’t., 
Ij.,ic 6 lly vitn coaponeut calculations fOi’ the products oi 
coi-bustion in chemical equlllbriu-i at selected teaperaturos 
and pressures. Tliese coaponentb are used to calculate 
ont'^al'cy and entropy points for the teuiperatures and pres¬ 
sures selected. The points evB then plotted as enthalpy 
versus entropy for constant pressure to give the H-S diagrams. 

It is natural to select a chamber pressure of 500 psia 
and an exhauet pressure of 14.7 psia since these conditions 
are universally used In comparing the performance of rocket 
propellants. Other values of chamber pressure and exhaust 
pressure may be used as desired. Temperatures which bracket 
the theoretical chamber and exhaust temperatures must be 
selected as well as any others that may be necessary to com¬ 
plete the diagrams. 

An enthalpy -entropy diagram may be constructed assuming 
complete equilibrium for the products of combustion throughout 
the cycle, frozen equilibrium at combustion conditions, or 
any intermediate extent of reaction between these two conditions. 
In the body of this thesis complete equilibrium throughout 
the cycle is assumed. Performance baaed on frozen equilibrium 
Is Included In the appendix. 
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KXPLAWATIOlf OF SYMBOLS 


g 


C 

H 

H 

0 

Ka 


Number of moles of hydrogen (Kg) In the products of 
reaction. 

Number of moles of water vapor (HgO) In the product# 
of reaction. 

Number of moles of carbon monoxide (CO) In the 
products of reaction. 

Number of moles of carbon dioxide (COg) in the 
products of reaction. 

Humber of moles of oxygen (O2) In the products of 
reaction. 

Number of moles of nitrogen (N2) in the products of 
reaction. 

Number of moles of nltr-dw^ oxide (NO) In the products 
of reaction. 

Number of mole# of hydroxyl Ions (OH) In the products 
of reaction. 

Number of moles of atomic hydrogen (H) In the producti 
of reaction. 

Number of mole# of atomic oxygen (O) In the products 
of reaction. 

Number of gram atoms of carbon In the reactants. 
Number of gram atoms of hydrogen In tlK? reactants. 
Number of gram atoms of nitrogen In tl^9 I'eactants. 
Number of gram atoms of oxygen lu the reactants. 
Equilibrium constant based on the ratio of the number 


of moles 
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Kl 


X 

y 


r 


A 


B 


P 


n 


T^K 


Equilibrium constant based on tho partial pressures. 
Particular equilibrium constant based on the ratios 
of the number of moles of component gases In given 
reactions. 

Arbitrary constant defined by ^10 

a 

Arbitrary constant defined by 2Kgb 

_ 

Arbitrary constant defined by Kj 

aT” 

Arbitrary constant defined byl+x+y+z which la 
equal to 1 + + aK^b + Kj 

a 

p p 

Arbitrary constant defined by 2g a + g 

Arbitrary constant defined by 2g^a^ + g * N 

Kj^bS 

Humber of moles of products of reaction at temperature 
T°K. 


T 


c 


Te 


hH 


T°K 

3000k 


^h'^c 

T_ 


R 


Equilibrium chamber temperature (°K). 

Exhaust temperature (^K) 

Enthalpy change between equilibrium temperature 
T°K end 300 °k. 

c 

Enthalpy change between combustion chamber conditions 
and exit conditions. 

Universal gas constant « 1.986 cal/gr. mole °K. 
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Qf Keat of formation In kcal/mol© at 300^K. 

T^K 

Qjjy Koat available In koal/mole at from heat of 

chemical reaction. 

Pc Chamber pressure In psla. 

Pq ■^xhauat pi^88Ui*e In pala. 

r Mixture ratio; the ratio of the velght of oxidizer 

to weight of fuel In the propellant system. 

J Mechanical equivalent of heat - 4.186 x lO^^^ergs/kcal. 

Vq Velocity of gases In the chamber, 

c Effective exhaust velocity In ft/sec. 

^ap Specific Impulse In Ib-soc/l^* 

g Acceleration due to gravity - 32.16 ft/sec . 

RFNA Red Fuming Nitric Acid (in this thesis, nitric acid 

with 6.85t HOg) 

S^Oj Absolute entropy In cal/mole °K. 

^h Enthalpy change In kcal/gram 

8° Absolute entropy In cal/gram °K. 
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PART I 

AssuMPTicars 

Tha assumptions made in this thesis can he roughly 
grouped Into two categories namely those concerning the 
thermodynamic properties of the gases and those concerning the 
expansion through the noizle. For the former these assumptions 
are j 

1. The values of enthalpy, entropy, and equilibrium 
constants used in this calculation are the best 
valiies available. In the compilation of these 
tables all internal energy states plus anharmonicltles 
wore considered. Imperfections (hie to attraction 
between molecules were not considered. 

2. The temperature la such that the amount of atomic 
nitrogen present in the combustion products may be 
neglected. Previous Investigations have shown 
this to be acceptable. 

T°K 

3. The values of and ^H^qqOj ^re linear within 
100 degi'oe Intervals. 

4. The datura for the enthalpy of a given species Is 
zero at 300*^K, and the entropy represents the 
absolute entropy of the pure perfect gas at a tem¬ 
perature of T^K and a pressure of one atmosphere. 

5. The gases are perfect gases so that enthalpy Is a 
function of composition and temperature only and not 
a function of pressure. This also Implies that the 


enthalpy of mixing may b© neglected. If enthalpy 
Is not a function of pr«s3urp, then the value of 
enthalpy of mixing la essentially zero for all 
oases nov known. 

6. The equlpartition of energy among the electronic, 

vibrational, and rotational energy levels Is assumed 
to be instantaneous both in the chamber and In the 
expansion process for both constant composition flow 
and equilibrium flow. 

The assumptions for the nozzle are : 

1. It Is assumed In this thesis that the products of 
combustion are In the chamber a sufficient length 
of time to react completely and roach chemical 
equilibrium; and that equilibrium is maintained 
throughout the expansion so that when the gases 
reach the exhaust temperature and pressui^, they 
have an equilibrium composition corresponding to that 
condition. The first assumption regarding equilibrium 
la the chamber Is probably not too far wrong, but 
the second may be subjected to considerable criticism. 
During the expansion process the gases undergo a 
rapid change In temperature and pressure so that 
equilibrium may not be maintained at exhaust conditions. 
Perhaps the composition of the combustion gases Is 
nearer the frozen composition or somewhere between 
the two extremes. 
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2. The expansion Is isentroplc. The flow is frlctlon- 
less and shock-free. 

5. The velocity of the gases In the combustion chamber 

(V^) Is negligible with respect to the exhaust 
c 

velocity. 

4. The nostle Is correctly designed for all exhaust 
conditions; the gases are expanded to atmospheric 
pressure in all oases. 

5. The chamber pressures used are 6OO psla and 300 psla. 
The exhaust pressures are 14.7 psla* 7*35 psla, 

and 0.147 psla. 

6. The flow Is assumed to be steady and non-viscous 
with a flat velocity profile radially. 

7. The gravity effects may be neglected. 

One of the advantages of this type of performance calcu¬ 
lations Is that It Is not necessary to use an average value of 
the ratio of specific heats. Hor Is It necessary to assume a 
constant one based on chamber conditions to deteimilne exhaust 
temperature. 
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COMPOKBHT CALCULATI0H3 


Tho most tedious part of perfornance calculations Is tho 
solution for the components of the products of combustion at 
high teraporaturoB. Tl» equlllbrluBi oonpOBltlon of a gaseous 
mixture Is detennlned by the slrjultaneoua equations of con¬ 
servation of atomic species and of mass action. The scheme 
used In this calculation to permit one to solve for the 
conpononts present in a syatem containing carbon, oxygen, 
hydrogen, and nitrogen is that developed by Dr. David Altman 
and Dr. Sidney Welnbaum of the Jet Propulsion Laboratory 
(Cf. Ref. 1). 

For a system containing carbon, oxygen, hydrogen, and 
nitrogen, those equations are t 


b • H-2a-K^a^ 


( 1 ) 




!io + ^ - 2K 

a^ a~ 



( 2 ) 


2 

+ g - H - 0 » P{I) 

Ki b^ 


(3) 


d - b C 


( 4 ) 











e 



(5) 


f • i (N-g) (6) 

h - b (7) 

1 - Kg (8) 


3 • b JL, 
a ' 


(9) 


An explanation of the symbols used la made on page 2. 

The procedure la as follows: 

(1) Choose a likely value of a » n^^ 

(2) Calculate the corresponding value of b from equation 

( 1 ). 

(5) Calculate the corresponding value of g from equation 

( 2 ). 

(4) Substitute the values of a, b, and g Into equation 

(3). 

(5) Repeat tho^ stops and Interpolate until the values 
of a, b, and c obtained make F{l) » o. 

In general, it will bo found that if P(l) > o, a should bo 


decreased; and If F{I) < o, a should b© Increased. A sample 
calculation Is carried out below. 
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The equations used when on© or mo:*© of the eletaents 
, H, N, or 0) Is nilsBlng, are listed below: 

Case A: Systeiio containing only N, II, and 0 (C » zero) 


b - 




2 + ^0 


( 1 ) 


0 - b 1 




+ ^ + 


2K^b 


a a 


( 2 ) 


K352b2 


4 g - H - F(II) - 0 


(?) 


Case B: Systems containing only C, H, and 0 (H-zero) 


_ H-2a-K9a ^ 

2 + Kio 

IT 


( 1 ) 


^1 

IT 


1 + + 5L + ^^6^ 

a 


+ C 




^a + 2b I. 
la + b J 


0 » F(III) « 0 (2) 


The proper a will make F(lll) « o. 


Case C: Systems containing only H and 0 (C«!l» zero). 


H - 2a - K«a i 


TTSo 

ai 


( 1 ) 
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KlO 





a 


+ 2K6b 


- 0 - P(IV) « O 


( 2 ) 
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SAKPLE CALCULATION 

3T0ICHIOFCTRIG MIXTURE OF H2(l)-02(l) 

To llluatrato this method of calculating minor components 
a sample calculation la presented belov. This calculation Is 
carried out In greater detail on sample foxmia suitable for 
this computation In Tables VI and VII. 

For the H 2 -OJ system the balanced equation at a stolchio- 
n»trlc mixture ratio when no minor components are considered 
Is: 


5H2 + Oj ■ 3H2O 

When an arbitrary basis of 100 grams of 0^ Is selected 
this equation becomes: 

6.25 H 2 + 2.0853 O 5 - 6.25 HgO 

The reactants now represent a combined weight of 112.6 
grams and the number of atoms are: 

H - 12.50 

0 - 6.25 

The values of K In the component equations above are 
given in terms of the nximbor of moles of the constituents and 
are related to the values of Kp (in terms of pressures) by the 


relation: 
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K = Kp (n/P) "p - 


where n » total niunber of moles 

P - total pressure In atmosphere a 

Hp-np « difference In number of moles between the 
products and reactants for the particular 
reaction under consideration. 

The values of Kp are given In Table I. 

Assuming the chamber temperature to be 3000°K and the 
chamber pressure to be 300 psla (20.408 atlss.) the balanced 
equation considering minor components becomes: 


6.25 Hg + 2.0833 0^ • a Hg + b Kg 0 + e 0^ + h OH + 1 H + j 0 

Since the system contains only 0 end H the equations used 
to solve for minor components ere those listed In Case C above. 

The total number of moles Is estimated to be 6.63* Tills 
Is based on a knowledge of the number of moles formed In the 
balanced equation with no minor components plus a knowledge 
of tendencies gained from previous experience. For the cal¬ 
culation of Kj^ In terms of the moles the following procedure 


Is used: 


I - 


n/p - 6.63 « .3249 

(ii/P)^ - (.3249)^ - .5700 


K6 

K7 

^10 


- Kp5(n/P) - 0.001983 X .3249 - .0006443 

- KpY(n/P) - 0.005336 X .3249 - .001734 

- Kp^(n/P)i- 0.1579 X .5700 - .09000 

- Kp^Q(a/P)i - 0.0529 X .5700 - .03015 


How, assuming a to bo 0.42, solve for b using equation 
(1). b Is found to be 5-6690. Putting tliese values of a and 
b Into equation (2) yields P ■ .0595- It Is apparent that a Is 
too high, so a new value of a - 0.40 Is selected and the cal¬ 
culations again carried out. This continued until P Is as 
near zero as accuracy permits. Then all of the components 
can be found using equations (4) to (9) above. 

For the first case, after all of the components had been 
determined It was found that the total number of moles was 
6.57 which differs from the first assumption of 6.63 moles. 

A new value of n ■ 6.57 Is now assumed and the components 
recalculated. A similar procedure Is carried out until the 
calculated number of moles equals the assximed number. These 
calculations are carried out In detail in Table VI. 



I / 2-^^ 


The 


components 

vere found 

8 (Hg) 

• •396 

b (HgO) 

- 5.690 

c {O2) 

- .132 

h (OH) 

« .271 

1 (H) 

« .057 

5 (0) 

- .025 
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chamber TEMPERATURE 

To find the chamhor temperature. It la necessary to 
select temperatures for component calculations vhlch bracket 
the theoretical chamber temperature. According to the chemical 
equation expressing the change which occurs In the propellant: 

Reactants - Products + Energy 
The energy liberated in the reaction Is called the heat 
available {Q^y) given by the relation: 


Qav 


^n|Qf^( product a) 



(reactants) 


where « heat of formation of l'' component In Its specl- 
1 fled state 

nj^ » l^h component 

The value i^H^gQO|f (the change of enthalpy from 500°K to 
T°K) can be found In Table II. 

The value ^H^ggo Is given by: 

where nj^ « the 1^^ component 

mO|r 

» AH^ggo for the 1 component. 

The actual chamber temperature Is found by balancing the 
heat available to the change in enthalpy. Table II la based 
on setting the enthalpy at 500°K equal to zero, and the values 
of heats of formation used are based on the same temperature. 


Thorefoi’e In this case the bnlaace between ^ 

and In actual practice the values of and 

Qg,^ are assuined to be linear within 100® intervals. 

For the sample calculation was found to be between 
36003K and 3700OK. 

For 5600®K 


• 246.107 kcal/ll2.6 grams 
^3^0 K ^ 262.703 kcel/112.6 grams 


For 3700®K 


3T00^K 

^H^OO^K * 256.106 kcal/112.6 grams 
q 3700®K ^ 230.949 kcalAl2-6 grams 


3640°K. 


By linear interpolation. 


^Nr’A^PY 


Ttie total enthalov of a mT^‘"«ct gaseous rilxtu'^ at '’’^K 
■relative to Its equilibrium conposltion at ‘^OO'^K Is: 




where n 


300 

1 

T^K 


number of moles of the 1^^ component at 300°K 

th 


nj ■■ - number of mole a of the component at T'^K. 


Q. 


T^K 


th 

■ heat of formation of the 1 component based on 

300'^K as given In Table IV (iccal/raole) 

th 


^jOo^K)“ change In enthalpy of the 1 component 
between 300 
(iccal/raole) 


between 300°K and T^k as given In Table II 


The first term on the right hand side represents the heat 
of dissociation put In at 300°K to obtain the equilibrium 
composition at T°K and the second term represents the change 
of enthalpy duo to boating the gas from 300®K to T°K. 
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SAMPL'^ T^NTIiALPY CALCULATION 
T « 3000 = 3 K 


n 


300®K 


n 


T^K 




(n^ 


300 


>_ mO 

®^-n; 


Q, 


(a) 

«2 

0 . 

0 

0 . 

.396 

- 0.396 

0.0 

0.0 

(b) 

HgO 

6 . 

25 

5 . 

.690 

+ 0.560 

+ 57-798 

+ 32.457 

(e) 

O 2 

0 . 

0 

0 . 

.132 

- 0.132 

0.0 

0.0 

(h) 

on 

0 . 

0 

0 . 

.271 

- 0.271 

- 10.06 

+ 2.726 

( 1 ) 

H 

0 . 

0 

0 . 

.057 

- 0.057 

- 52.089 

+ 2.969 

(J) 

0 

0 . 

0 

0 . 

.025 

- 0.025 

- 59.159 

+ 1.479 






^(n 50 °'’S- n 

i 

59.541 kcal 





nf* 



1 

(a) 

Hg 



0.396 


21.160 

8.379 


( 1 >) 

HgO 



5.690 


30.315 

172.492 


(e) 

^2 



0.132 


23-427 

3.092 


(h) 

OH 



0.271 


21.447 

5.812 


( 1 ) 

H 



0.057 


13*411 

0.765 


(J) 

0 



0.025 


13-411 

0.336 





190.876 kcal 
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r(nf 


?00'^K t°K, ^ 

- nj ) Qf. 


L 




°i 

300''K 




Ah - 


” 230.417 kcal 
l.bOO grams 


39.541 kcal 


190.876 kcal 


230.417 kcal 


2.04633 kcal/gram 


This calculation Is carried out In Table VII. 
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KNTROPY CALCULATION 

The entropy of a perfect gas cocposod of several compon¬ 
ents at temperature T^ Is given by; 

sJok R In P In nj^^ 


n 


where S^O|^ ■ absolute entropy at T°K In cal/degroe. 

T^K th o 

» nximber of moles of th© 1 component at T K. 

(S^Oj^ absolute entropy of th© component In cal/degree/ 
mole aa given In Table III. 

T^K 

n * total number of moles of products of combustion 
at T°K. 

R » Universal gas constant » 1.986 cal/degree/mole. 

P - Chamber pressure In atmospheres. 


The first term on th© right hand side represents the 
absolute entropy at T^K. The second terra represents the cor¬ 
rection to th© absolute entropy due to th© total pressure of 
the gases. The third term represents the change in entropy 
due to the mixing of th© several component gases. Fundamentally, 
It represents th© terms > n^R In (Probability) where the 
probability of finding th© 1^^ component in this case Is 



The entropy of mixing lo therefore J~ n^R In n^ ^ 

Another way to look at the second and third toms Is when 
comhtuod, they become the chonge of entropy due to the partial 
pressure of each component 

/^njR In P +rti^R In ^^l -TneR In "l^ ^n r m p, 

n ^ n ^ ^ ^ 

4* V\ 

where P^^ *» partial pressure of the 1 component so that the 
entropy of mixing contains the correction due to the use of 
total pressure instead of partial pressure of each component. 
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3AMPLB EWTROPy CilLCULATICW 
T - 3000°K 



^pOO®K 

^®3000®K^l 

„3000% 0 ^ . 

“l '®3000°K>1 

(•) Hg 

.396 

48.47 

19.194 


<b) HgO 

5.690 

68.14 

387.717 


(a) O 2 

.132 

67.95 

8.969 


(h) OH 

.271 

61.39 

16.637 


(1) H 

.057 

38.81 

2.212 


(j) 0 

.025 

49.47 

1.237 



r ''r”°'<s|ooo“x)t 

• 435.966 cal/dag 

Q R In 

p - 6.571 

X 1.986 X In 

20.408 - 39.353 cal/deg 




n^ln’^l/n 

<M 

» 

.396 

.06027 

2.8084 

1.112 

(b) HgO 

5.690 

.86606 

-1458 

.818 

(a) Og 

.132 

.02009 

3.9070 

.516 

(h) OH 

.271 

.04125 

3.1893 

.864 

(t) H 

.057 

.00852 

4.7677 

.272 

(J) 0 

in 

CM 

0 

• 

.00381 

5.5728 

.139 


Bijln *^l/n • 

2 ^ a^R In 3.717 X 1.986 • 7.382 oal/dog 
n 


3.717 mole* 









SUMMARY 



- + 435.966 

oal/deg 

• n R In 20.408 

- - 39.353 

cal/deg 

in “1 
n 

- + 7.382 

cal/deg 

l® 0 

^3000 K 

- 403.995 

cal/deg 

|0 - 403.995 

iT^r 

• 3*58788 

cal/deg/gram 


TtieB© caloulatlone are al»o carried out In Table VII 
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PART II 

THSORY AHD USE OP H-S DIAGRAMS 

The fundeoental process used In all jet propulsion 
motors Is the conversion of heat energy Into kinetic energy 
by an adiabatic expansion process. The basic equation Is: 


AH + A(V^) + 4Z - q - w, 

2gJ J 


( 1 ) 


where Ah - Increase In enthalpy/unlt vt of the fluid 

A (V^) « Increase in kinetic energy/unit of wt. of the 

^3r 


fluid 


AZ ■ increase In potential energy/unit wt. of the 

fluid 

q « heat added to the system/unlt vt. of the fluid 

vs « work done by the systesv^unlt vt. of the fluid 


It Is assumed that the change of potential energy, heat 
added, and work done are sero, so the equation for a rocket 
be come s t 

AH + A(V®) - 0 (2) 


In the combustion chamber the velocity is assumed to be 
negligible when compared to tl» jet velocity so; 

A(V^) - Vf - . c2 
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vhero « velocity of the gases In the chaaher which Is 
assumed to ho zero 
c • effective exhaust velocity 
Thus the equation for the exhaust velocity becoo»s: 

0 - (2g J AH)i 

where the units are consistent. When the equation is reduced 
to a convenient form it heconest 

0 - 0.05281 { J)i 

m 

where J • mechanical equivalent of heat ■■ 4.8l6 x lO^^ ergs 

Weal 


0.03281 converts cm/sec to ft/sec. 

T 

The value can he read directly from the onthalpy- 

entropy charts. This la Illustrated in Figure 18 • Enter 

. Tc°K 

with Ah • AH-joo^K coreapondlng to the chamher conditions 

" m' 

and expand leentroplcally to the exhaust conditions. The 
results for the systems Investigated are tabulated In Table IX. 
After solving for c It Is easy to determine I^p which Is 


I 


*P 


c/g 


defined as: 





-27- 


Whei-e g «= acceleration due to gravity - 52.16 ft/sec^. 

The values of Igp for the systems investigated are also 
tabulated in Table IX. 

Another type of diagram that may be constructed from 
this data la temperature versus entropy for lines of constant 
pressure. From this diagram exit temperatures may bo read 
directly. 
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PART III 

RESULTS AMD CONCLUSIORS 

As far as It has been possible to determine, the perfor¬ 
mance calculated by this method agrees closely with that 
determined by other methods. This method has an advantage 
In that the errors Introduced by using an average value of the 
ratio of the specific heats to calculate exhaust temperatures 
and the use of an average molecular weight resulting from 
composition changes are eliminated. 

These diagrams are especially useful In evaluating the 

performance of rocket fuels with varying chamber and exhaust 

conditions. It Is very easy to rapidly determine I for 

sp 

different exhaust pressures. It Is also easy to compare per¬ 
formances that might be obtained by varying conditions. 

The labor in evaluating one set of conditions Is con¬ 
siderably greater for the H-S diagram than for other methods; 
but for a comprehensive study of system, the labor Is not much 
different. If one or only a few propellant combinations are 
finally selected as optimum. It will bo very beneficial to 
construct enthalpy-entropy diagrams for those systems. 

Using this method It Is easy to consider efficiencies, 
heat transfer, and changes of entropy. 

The results of these calculations show that the propellants 
■Hj(l) - Oj(i) and Hg(l) - 0^(1) are high porfomance propel¬ 
lants but they hare high temperatures as well. 
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_ EKTHALPY TABLE 
fOK 

AHsqoOk kcals. gram molr 




H 2 O 

CO 

CO, 

O2 


OH 

NO 

H,N,0 

RAT 

300 

0.0 

0 0 

0 L 

Q 0 

0 0 

0 0 



0 0 

0 0 

400 

0.893 

0,611 

0.699 

0,942 

0 721 

U.697 



0.497 

0 199 

500 

1.393 

1 641 

1 404 

1 970 

1 .447 

1 399 



0.993 

0.39 7 

600 

2.093 

2 496 

2 125 

3 072 

2 203 

2 112 



1 490 

0 596 

700 

2.796 

3.380 

2 862 

4 232 

2 981 

2 640 



1 907 

0 795 

000 

3.502 

4.292 

3 815 

5 441 

3.778 

3.582 



2.484 

0.993 

900 

4.212 

5.234 

4.386 

5.692 

4 594 

4 343 



2 981 

1 192 

1000 

4.931 

8.206 

3 171 

7 976 

5.421 

5 118 

4 985 

5.308 

3.477 

1 390 

1 100 

5.657 

7 211 

5 973 

9.291 

6 278 

5 907 

5.725 

6.113 

3.974 

1 5e<^ 

1200 

6.393 

8 247 

6.785 

10.629 

7.135 

6.709 

6.465 

6 958 

4 471 

1 .788 

1300 

7.138 

9 312 

7 606 

11.989 

7.990 

7 520 

7.233 

7.000 

4.967 

1 986 

1400 

7.895 

10.399 

B 437 

13.367 

8.047 

8.342 

8.002 

0.643 

5.464 

2.105 

1 500 

8.664 

11519 

9 275 

14 760 

9.704 

9.173 

8.783 

9.499 

5.961 

2 384 

1600 

9.439 

12.660 

10.120 

16.168 

10.592 

10.009 

9.584 

10.355 

6.457 

2 502 

1700 

10.226 

13 821 

10.972 

1 7 587 

11 461 

10.854 

10.390 

11.221 

6.954 

2 761 

1800 

11.023 

15.006 

1 1 B29 

19.017 

12 369 

1 1 703 

11.197 

12 060 

7 451 

2.980 

1900 

11.826 

16.206 

12.669 

20.455 

13.257 

12 558 

12.015 

1 2 957 

7 947 

3 I7fl 

2000 

12.644 

17.424 

13.554 

21.902 

14.146 

13 417 

12.834 

13.827 

8.444 

3 377 

2100 

13.466 

18.659 

14.423 

23 358 

15.061 

14.279 

13.643 

14 700 

8 941 

3 576 

2200 

14 295 

19.909 

15.294 

24 820 

15.974 

15 143 

14 506 

15 598 

9 438 

3 774 

2300 

15.132 

21.171 

16.169 

26 290 

16 689 

16 013 

15.360 

16 480 

9 935 

3 973 

2400 

15.975 

22.446 

17.045 

27.760 

17.002 

16.683 

16 213 

17 364 

10.430 

4 171 

2500 

16.827 

23.733 

17.923 

29.242 

18 717 

17.758 

17 080 

18.249 

10 928 

4.370 

2600 

17.683 

25.031 

18.807 

30.729 

19.659 

18 636 

17.936 

19 143 

1 1 .425 

4 569 

2700 

18.542 

26.336 

19.691 

32.218 

20.601 

19 516 

18.807 

20.036 

11 921 

4.767 

2800 

19.410 

27.656 

20.576 

33.712 

21.543 

20 399 

19.678 

20 929 

12.418 

4.966 

2900 

20.282* 

28.980 

21.464 

35.211 

22 .486 

21 .264 

20.563 

21.823 

12.915 

5 165 

3000 

21.160 

30.315 

22.353 

36.712 

23.427 

22.170 

21.447 

22.716 

13 411 

5.363 

3100 

22.041 

31 .69B 

23.241 

38.822 

24.364 

23.058 

22.335 

23.617 

13.908 

5.562 

3200 

22.927 

33.006 

24.136 

39.734 

25 344 

23.947 

23.227 

24.519 

14 405 

5 761 

3300 

23.818 

34,362 

25.026 

41 244 

26.308 

24 037 

24.121 

25 421 

14.901 

5.9 59 

3400 

24.712 

35.723 

25.923 

42.764 

27.276 

25.729 

25.021 

26.325 

15 398 

6 158 

3500 

25.611 

37.092 

26.818 

44.281 

28.247 

26.622 

25.920 

27.229 

1 5 094 

6.356 

3600 

26.512 

38 466 

27.715 

45.808 

29.219 

27 516 

26 822 

20 135 

16 392 

6.555 

3700 

27.416 

39.845 

28.613 

47 332 

30.198 

28.412 

27 730 

29.041 

16.889 

6.754 

3800 

28.326 

41.231 

29.512 

48 862 

31,176 

29 307 

28.640 

29 948 

17.305 

6 952 

3900 

29.236 

42.619 

30.412 

50.394 

32.164 

30.205 

29.552 

30.856 

17.882 

7.151 

4000 

30.153 

44.010 

31 .313 

51.930 

33 1 53 

31.104 

30.467 

31 .761 

18.379 

7.350 

4100 

31.069 

45 413 

32 215 

53.471 

34 139 

32.006 

31.390 

32.682 

10.875 

7.548 
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ENTROPY TAPLE (S°ojj) 
(cal/degree/mole) 


T°K 

H2O 

CO 

0 

0 

O2 

Ng 

NO 

OH 

H 

N 

0 

ttc 

300 

hh . 80 

U7.30 

50.20 

Ii9.00 

!i5.80 

50.Uo 


27.UO 

36.62 

33.06 

31.27 

Uoo 

hi .12 

U9.3I 

52.89 

51.06 

li7.79 

52.1i5 


28.32 

33. OU 

39. U8 

33.27 

500 

U3,96 

50.33 

55.17 

52.67 

1i9.35 

5!i.06 


29.92 

39. lU 

UO.50 

3U.83 

600 

50.52 

52.19 

57.17 

5I1.05 

50.65 

55. UO 


30.82 

Uo.oU 

U1.U8 

36.10 

700 

51.03 

53.32 

53.96 

55.25 

51.77 

56.57 


31.59 

U0.81 

U2.25 

37.18 

800 

53.10 

51i.32 

60.57 

56.31 

52.76 

57.60 


32.25 

U1.U7 

U2.91 

38.12 

900 

5h.21 

55.23 

62. OU 

57.27 

53.66 

58.53 


32.8U 

U2.06 

U3.50 

38.96 

1000 

55.2ij 

56.06 

63.39 

58.Ill 

5ii.li8 

59.38 

52.51 

33.36 

U2.58 

UU.02 

39.72 

1100 

56.20 

56.82 

6U.6U 

53.96 

55.23 

60.17 

53.21 

33.83 

U3.05 

UU.U9 

Uo.Ul 

1200 

57.10 

57.53 

65.80 

59.71 

55.93 

60.89 

53.86 

3U.26 

U3.U8 

UU.92 

Ui.05 

1300 

57.95 

53.19 

66.89 

60.39 

56.58 

61.56 

5U.U7 

3U.66 

13.88 

U5.32 

U1.65 

U4OO 

53.76 

53.81 

67.91 

61.03 

57.19 

62.18 

55. OU 

35.03 

UU.25 

U5.69 

U2.21 

1500 

59.53 

59.39 

68.87 

61.62 

57.76 

62.77 

55.58 

35.37 

UU.59 

U6.03 

U2.7U 

1600 

60.27 

59.9U 

69.78 

62.19 

58.30 

63.32 

56.10 

35.69 

UU.9I 

U6.35 

U3.2U 

1700 

60.97 

60.1j6 

70.61 

62.73 

58.81 

63.35 

56.58 

35.99 

U5.21 

U6.65 

U3.72 

1800 

61.65 

60.95 

71. U6 

63.2U 

59.30 

6U.35 

57.05 

36.27 

U5.U9 

U6.93 

UU.17 

1900 

62.30 

61.U2 

72.2I1 

63.72 

59.76 

6U.02 

57. U9 

36.5U 

U5.76 

U7.20 

UU.6I 

2000 

62.93 

61.86 

72.98 

6ii.l8 

60.20 

65.27 

57.91 

36.80 

U6.02 

U7 .U6 

U5.03 

2100 

63.53 

62.23 

73.69 

6U.63 

60.62 

65.70 

58.30 

37.0U 

U6.26 

U7.70 

U5.U3 

2200 

61.11 

62.69 

71.37 

65.06 

61.02 

66.12 

58.70 

37.27 

U6.U9 

U7.93 

U5.31 

2300 

6h.67 

63.08 

75.02 

65.U7 

6I.UI 

66.51 

59.08 

37.U9 

U6.71 

U8.15 

U6.19 

2UOO 

65.21 

63.U5 

75.65 

65.86 

61.78 

66.89 

59.U5 

37.70 

U6.92 

U8.36 

U6.5U 

2500 

65.7U 

63.81 

76.26 

66.23 

62.II1 

67.25 

59.80 

37.90 

U7.12 

U8.56 

U6.89 

2600 

66.25 

6I1.I6 

76.8U 

66.60 

62.1i8 

67.60 

60.1U 

38.10 

U7.32 

U8.76 

U7.23 

2700 

66.7U 

6U.U9 

77.1i0 

66.96 

62.81 

67.9U 

60. U7 

38.29 

U7.51 

U3.95 

U7.55 

2300 

67.22 

6ii.8l 

77.9U 

67.30 

63.13 

68.27 

60.78 

38. U7 

U7.69 

U9.13 

U7.87 

2900 

67.69 

65.12 

78.ii7 

67.63 

63.Ui 

68.58 

61.09 

38.6U 

U7.86 

U9.30 

U0.17 

3000 

68.lU 

65.1i2 

73.98 

67.95 

63.7U 

68.88 

61.39 

38.81 

U3.03 

U9.U7 

U8.U7 

3100 

63.53 

65.71 

79.18 

63.26 

6I1.03 

69.18 

61.68 

33.97 

U'3.19 

U9.63 

U8.76 

320a 

69.01 

65.99 

79.96 

68.57 

61i.3i 

69. U7 

61.97 

39.13 

U8.35 

U9.79 

U9.0U 

3300 

69. U3 

66.26 

80.U3 

68.37 

6I1.58 

69.75 

62.2U 

39.2 3 

U3.50 

U9.9U 

U9.32 

3 liOO 

69.81i 

66.53 

80.38 

69.16 

61i.85 

70.02 

62.51 

39. U3 

).8.65 

50.09 

U9.57 

3500 

70.2lj 

66.79 

81.32 

69.iili 

65.11 

70.28 

62.77 

39.57 

U8.79 

50.23 

U9.8U 

3600 

70.63 

67. OU 

81.75 

69.71 

65.36 

70.5U 

63.03 

39.71 

U3.93 

50.37 

50.01 

3700 

71.01 

67.29 

82.17 

69.98 

65.61 

70.79 

63.28 

39.85 

U9.07 

50.51 

50.3U 

3300 

71.33 

67.53 

82.58 

70.2I1 

65.85 

71.03 

63.52 

39.98 

U9.20 

50.6U 

50.59 

3900 

71.7U 

67.76 

82.98 

70.50 

66.08 

71.27 

63.76 

UO.ll 

U9.33 

50.77 

50.32 

hOOO 

72.09 

67.99 

83.37 

70.75 

66.31 

71.50 

63.99 

U0.2U 

U9.U6 

50.90 

51.05 

iilOO 

72.101 

68.21 

83.75 

70.99 

66.53 

71.73 

6U.22 

UO.36 

U9.58 

51.02 

51.28 


I 


TJOL^. IV 

HPiATS OF FORMATIOH AT C0W3TAJIT PRESSUR5 

USED I« THIS AlfALYSIS 

Hsat of Formation In 
Constituent Kllocnlorloa per Mole 


H20 

+57.798 

RO 

-21.600 

OH 

-10.060 

H 

-52.089 

0 

-59.159 


+16.070 

RO2 

- 6.100 

HRO3 

+41.660 

03(1) 

-31.500 

Had) 

+ 1.848 


I 
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TABLT^ V 

ATOMIC VBIGHTS 05BD 


Element 

Atomic Weight 

N 

14.008 

H 

1.008 

0 

16.000 

H2 

2.016 

H2O 

?4.016 

IfH3 

17.052 

Hlf^ 

63.016 

HO2 

46.008 

O3 

48.000 




rM ^ 


TABLE TZT 

SAMPLE CALCULATION SHEET (A) 


H-12.50 

0-6.25 P=300 PSIA 

N- ^ “S STOIC T=3000“K 



(b. 63 



6.57 





Kn 3 



1 






6 



( 

1 

.0006333 



. . ■ . i 


2 Ki? 

-OOIZ«g6 


JD01Z16(:> 





7 

.001734 


..ooms 






.QQOOO 




— 




[.63016 


.03OCZ 


I 

j 

' 

a 

i 

.4z 

MO . 

.3><iS 

.246 


1 

2a 

. ^4 1 .S<P 

. 7^e> .14(0 

.142 


i 


a'/z 

.64^/l.<^325‘ 

.6'i>oq\ .6Z03 

.6243 


T 


./764' - .I5S4 \ ./SS4 

./562 


1 

iKio/^ ‘A 

.64/cSZ .04l4n .O4714\.047S^ 

,.04770 

i 

I 

1 

'Kvc^L'kzM^z.6^iin'Z..o4in^t.0415S 

Z.0417O 


1 

I 

1 K^a ‘/^ 

/>5S33 

.05M3 .05bl^ 

.05651 

.05632 

1 

! ; 
. - ■ i 


|H-Za-Ki»a'4 

'll.i:>On 

11.642! \JL64i2} 

a. 6474 

n.esih 


I 

1 b 

[S.JcMQ 

S.6>36\5.6Sn 

5.6634 

5.640/ 



i 

b2- 

i3Z/376!32.3306: ZZ3444 

32.3674 

32.3772 

1 

1- ... .... , 

l2K^b/^2 

\ .0412^ \j04614 \ .04(^Z1\ MSS4 

.64632 

1 

1 . . . 

1 Kb /a li m4l2R .004235 .0043si .oo43ib 

.004323 

i 

i(+K.-<-'^+a Iloqzo 

k0S7g '/.0477 

/.04S4 

T 

I 

b A l6.ms 

\6.Z4z( 6.2475 

6.2444 

6.2500. 

1 

9 1 

T 

;i 



\ ^ 

__ 1 -.- 


9^ 


1 



I 

K3^ 





( 


I 

B 


1 





F 

r.os^s 

-J)0J3 

-.OOZ5 

-.6056 \ 0.0 





1 







a 



zsiso 


34^ 




b 1 



\S.6fi77 


5.640 




e i 


\ 

.(316 


./9Z 




■ ^ - 









a ' 







I 

h 



.2116 


.21/ . 




i ... 



.0563 


.056 




j 



.0245 


.625- i 




h 



6.5701 


6.576 































































































































TABLE 301 

SAMPLE CALCULATION SHEET (B) 


H 2 -O 3 STOIC 


P=300 PSIA 
Of-56.384 KCALS 


T^K 

2500 

^OOO 

3500 

3600 

3640 

3700 

4000 


a Hi? 

. (03 

. 396 

.978 

1.122 


1.269 

/■6f3 


b H 20 

6 . ((7 

5. 69A 

4, 705 

4.432. 


4.134 

3./ZZ 


02 . 

.032 

.132 

.296 

.335 


.371 

.466 


h OH 

.055. 

.271 

.735 

.9(8 


(.062 

1,500 


i H 

,005 

.057 

.349 

.474 


.632 

1.310 


J 0 

.002 

,025 

.166 

.230 



.696 











h 

^,320 1 6.571 

1,Z%\ 

7.511 


^2J?30... 

■ .g.847 



1 







2ni AHi 

148. &35 

190.876 


z4hM^ 

1 

256, (06 

287.599 


Oav 

1 


262.703.: 

239.949 

. j 

[ .... , .. 

r "" - -n- 

1 1 







I 

! ' 





A N ' I57.Z54 

— 

Z30An. 

r 

3^7/.«04,3^0.785, 

\ 440. Us 

545,188 


....J 


1 1 

1^ 

i 



Ah 1 

(.397. 

Z.04h 

3.2(3 

1 3.54 2 3.790 :3.9/Z 

5Z4 3 , 

-*-j 

i 

1 





j 

1 

. 1 





1 ■ 


,5m S? . 

4/3.05-4. 

A35.<^i>6> 

; 47/. 300 

4^0.766 

. . ;4f/.547 

j 

631.OOZ 

1 

1 




1 

inRiaP 


39. 35 3 

43,605 

IW .953 

44>.5‘f4 

52.9:54 : 


1 37.850 






1 

iShiRlrLS-J 

2.g40 

1 7.3gZ 


IS..^IS 


ZI.3SI 

Z8.4S4 


'1 







s 

1377.444 

4C>3.9(i5 

44f,393 

4S4.s«f$. 


Ub.304 

5536,636 





. .. 






s 

3. 35Z 

3S88 

13.947 


4101 

4.14 ..... 

4.499 




1 

1 

















1 
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TA3L^ VIII 


ElfTHALPT - ENTROPT SUMMARY 


P » prsssuro In psla 
- kcal par gram 
8 - cal per gram per 




RFKA - 

RH 3 OVER' 

-OXinrZED (r 

- 5 . 00 ) 


Tomp^K 


P - 600 

P - 500 

P - 14.7 

P - 7.55 

P - .147 


5000 

Ah 

8 

1.581 

2.811 

1.422 

2.886 




P500 

Ah 

s 

1.004 

2.674 

1.012 

2.759 




2400 

Ah 

s 

0.945 

2.649 

0.948 

2.715 




2500 

Ah 

s 

0.885 

2.624 

0.888 
2.688 




2000 

Ah 

s 

0.725 

2.549 

0.724 

2.611 

0.750 

2.884 



1500 

Ah 

8 



0.479 

2.740 

0.479 

2.802 

0.479 

5.152 

1500 

Ah 

s 



0.590 

2.677 

0.590 

2.759 


1000 

Ah 

s 



0.261 

2.564 

0.261 

2.626 

0.261 

2.976 

500 

Ah 

s 




0.070 

2.562 

0.070 

2.712 

400 

Ah 

8 





0.055 

2.654 

500 

Ah 

8 




0.0 

2.185 

0.0 

2.555 
















^0 


RFRA - HHj STOICHIOMSTRIC ( r = 2.21) 


0 

Teirp K 

p » 600 

P » 300 

P « 14.7 

P * 7.55 

P **l 47 

5000 

Ah 

s 

1.517 

2.946 

1.57 

3.033 




2700 

Ah 

s 

3.233 

2.846 





2600 

A h 

s 

1.154 

2.817 

1.171 
2.889 




2500 

Ah 

8 

1.080 

2.788 

1.092 

2.858 




2000 

Ah 

s 

0.770 

2.650 

0.772 

2.716 

0.783 

3.005 



1200 

Ah 

9 



0.610 

2.911 



1500 

Ah 

8 



0.510 

2.849 

0.510 

2.914 

0.510 

3.282 

1400 

Ah 

8 



0.462 

2.815 



1500 

Ah 

8 




0.414 

2.845 


1000 

Ah 

8 



0.278 

2.661 

0.278 

2.726 

0.277 

3.094 

500 

Ah 

8 





0.074 

2.813 

300 

Ah 

s 





0.0 

2.626 

















” ] 1 


RFHA - HHj UHERR-OXIDIZRD ( r - 1.50 ) 


Tomp° 

K 

1 

CJ\ 

o 

o 

P - 300 

P - 14.7 

P - 7.35 

P - .147 

3000 

Ah 

8 

1.548 

3.272 

1.583 

3.362 




2500 

Ah 

8 

1.169 

3.134 

1.172 

3.213 




2100 

Ah 

8 

0.920 

3.026 

0.921 

3.103 




2000 

Ah 

8 

0.861 

2.997 

0.861 

3.074 

0.864 

3.413 



1500 

Ah 

s 



0.577 

3.248 

0.577 

3.326 

0.577 

3.764 

1400 

Ah 

8 



0.418 

3.130 



1000 

Ah 

8 



0.317 

3.038 

0.317 

3.116 

0.317 

3.553 

900 

A h 

8 



0.268 

2.987 

0.268 

3.064 


800 

Ah 

8 




0.221 

3.008 


500 

Ah 

s 




0.086 

2.797 

0.086 

3.234 

400 

Ah 

s 





0.042 

3.138 

300 

Ah 

3 





0.0 

3.017 















o 


rHj - Oj OVER-OXIDIZED ( r - 2.00) 


lteJnp°K 


p - 600 

P - 300 

P - 14.7 

1 

• 

1 

• 

5500 

Ah 

s 

2.041 

5.044 

2.208 

5.160 



5400 

Ah 

s 

1.888 

2.999 




5500 

Ah 

s 

1.749 

2.958 

1.850 

5.055 



5200 

Ah 

a 


1.704 

5.009 



5000 

Ah 

s 

1.415 

2.852 

1.458 

2.950 

1.940 

5.579 


2500 

Ah 

s 


1.034 

2.776 

1.107 

5.080 


2000 

Ah 

s 



0.747 

2.920 

0.747 

2.984 

1500 

Ah 

s 



0.488 

2.775 

0.488 0.488 

2.855 3.187 

1000 

Ah 

8 




0.266 

3.008 

500 

Ah 

s 




O.OZl 

2.739 
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NIIj - O3 STOICIIIOfKTRIC (r - l.^il) 



K 

P = 600 

n 

0 

0 

P « 14.7 

P » 7.55 

P - .147 

5300 

8 

2.551 

5^278 

2.554 

5.412 




5400 

Ah 

8 

2.167 

5.225 





5500 

A3. 

3 

2.001 

5.175 

2.152 

5.288 




5200 

ftb 

3 


1.936 

5.255 




5000 

Ah 

s 

3.597 

5.046 

1.658 

3.157 

2.267 

5.657 

• 


2300 

Ah 

s 


1.146 

2.951 

1.260 

5.294 

1.511 

3.585 


2000 

Ah 

s 



0.819 

5.099 

0.824 

5.169 


1800 

Ah 

a 



0.691 

3.031 

0.691 

5.098 


1500 

Ah 

s 



0.333 

2.954 

0.535 

3.001 

0.533 

3.380 

1000 

Ah 

8 





0.289 

3.183 



















- T 14 




HHj 

- 0 , DHEBR 
3 

-oxinrzsD (r 

- 1.10) 


T©mp°K 

P - 600 

P - 300 

P - 14.7 

P - 7.35 

P - .147 

3500 

s 

2.275 

3.508 

2.469 

3.647 




3200 

8 

1.810 

3.369 

1.892 

3.474 




3100 

Lh 

s 

1.692 

3.332 

1.750 

3.429 




3000 

Ah 

8 

1.588 

3.297 

1.628 

3.389 

2.164 

3.919 



2500 

Ah 

s 


1.195 

3.232 

1.249 

3.590 



2000 

Ah 

8 



0.878 

3.426 

0.879 

3.504 

' 

1700 

Ah 

a 



0.699 

3.329 

0.699 

3.406 


1500 

A h 

s 



0.585 

3.258 

0.585 

3.335 

0.585 

3.770 

1000 

Ah 

s 





0.320 

3.556 


500 

s 


0.086 

3.233 
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- O3 DHEER 

-OXIDIZED (r 

- 0 . 80 ) 


Tsmp^K 

P - 600 

P - 300 

P - 14.7 

P - 7.35 

P - .147 

3500 

Ah 

3 


2.563 

3.994 




3000 

Ah 

8 

1.754 

3.660 

1.771 

3.752 




2600 

Ah 

8 

1.391 

3.526 

1.398 

3.619 




2500 

Ah 

8 

1.317 

3.497 

1.321 

3.589 

1.377 

4.004 



2000 

Ah 

8 



0.975 

3.826 



1500 

Ah 

8 



0.653 

3.641 

0.653 

3.731 

0.653 

4.238 

1400 

A h 

8 



0.592 

3.599 



1300 

Ah 

8 



0.532 

3.555 

0.533 

5.648 


1200 

Ah 

s 



0.474 

3.508 

0.474 

3.599 


1100 

a 




0.417 

3.548 


1000 

Ah 

8 



0.360 

3 . 4 o 4 

0.360 

3.494 

0.360 

4.002 


500 Ah 

s 


0.098 

3.640 
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TT 

j. ^2 

Oj OV^R- 

OXIDrZED (r 

- 9.92) 


Tonp^K 


p * 600 

P « 300 

P « 14.7 

P “ 7.35 

P = .147 

4000 

Lh 

B 

3.935 

3.839 

4.555 

4.087 




3800 

Ah 

s 

3.274 

3.670 





3T00 

Lh 

8 

2.993 

3.595 

3.350 

3.774 




3600 

Ah 

s 


3.028 

3.686 




3500 

s 

2.516 

3.462 

2.746 

3.607 

5.345 

4.745 



3000 

Ah 

s 

1.706 

3.213 

1.765 

3.306 

2.431 

3.858 

2.777 

4.055 


2500 

Ah 

8 



1.534 

3.464 

1.383 

3.555 

2.367 

4.380 

2000 

A. h 

8 



0.885 

3.266 

0.889 

3.338 

0.943 

3.764 
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Hg - O3 STOICHIOMETRIC (r - 7 - 9 ^) 


Toinp°K 


P - 600 

P - 300 

P - 14,7 

P - 7.35 P - .147 

4000 

Ab 

a 

4.580 

4.217 

5.293 

4.499 



3800 

Ah 

8 

3.819 

4.023 




3700 

<^h 

s 

3.495 

3.936 

3.912 

4.141 



3600 

Ah 

8 


3.542 

4.037 



3500 

Ah 

s 

2.936 

3.780 

3.213 

3.947 

6.204 

5.246 


3000 

6h 

s 

1.965 

3.481 

2.046 

3.588 

2.869 

4.229 

3.278 

4.457 

2500 

Ah 

8 


1.397 

3.352 

1.549 

3.752 

1.617 2.825 

3.859 4.821 

2000 

Ah 

s 



0.992 

3.507 

0.999 1.092 

3.587 4.069 


1800 A h 
s 


0.833 

3.930 
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H2 - 

O5 UHIJilR 

-OXIDIZED (r 

- 6.61) 




P » 600 

P ® 300 

P » 14.7 

P « 7.35 

P =■ .147 


4000 

Ah 

s 

4.680 

4.600 

5.454 

4.910 




3800 

4h 

s 

3.861 

4.591 





3700 

Ah 

s 

3.516 

4.298 

3.957 

4.522 




3600 

Ah 

s 


3.561 

4.411 




3500 

Ah 

s 

2.933 

4.136 

3.213 

4.314 

6.460 

5.738 



3000 

Ah 

s 

2.000 

3.850 

2.058 

3.960 

2.836 

4.632 

3.267 

4.880 


2500 

Ah 

c* 

K/ 


1.490 

3.754 

1.565 

4,177 

1.611 

4.286 

2.778 

5.294 

2000 

Ah 

s 



1.086 

3.966 

1.090 

4.057 

1.124 

4.582 

1500 

Ah 

s 





0.719 

4.350 

1000 

Ah 

a 





0.391 

4.084 
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’^2 - 

O5 TJHD^R 

-oxinrzr^B (r 

• ^.96) 




i^«600 

P » 300 

P « 14.7 

P «= 7.35 

P « .147 

4000 

s 

5.108 

5*367 

5.949 

5*717 




3600 

Uh 

3 

3*569 

4.960 





3 f 300 

e^h 

3 

3*299 

4.886 

3*560 

5.083 

7.072 

6.690 



3400 

Lh. 

a 


3*256 

4.994 




3000 

ah 

3 

2*359 

4.598 

2.411 

4.732 

3*125 

5*490 

3.556 

5.760 


?300 

dh 

s 


1.781 

4.503 

1.863 

5.037 

1.908 

5.171 

3.023 

6.297 

2000 

£ih 

8 



1.307 

4.791 

1.308 

4.907 

1.557 

5*579 

1500 

Ah 

5 





0.870 

5.301 

1000 

Ah 

3 





0.477 

4.983 

800 

Ah 

8 





0.332 

4.822 















TA 3 L^ IX 


PSRFORMARC^ SUMJIARY 


RFRA - HH 3 {i) 


V 

Pc 

Pe . 

C 

?sp.. 

Tc K 

Te K 

3.00 

300 

14.7 

6645 

207 

2325 

1360 

2.21 (stole.) 

300 

14.7 

7323 

228 

2599 

1630 

1.50 

300 

14.7 

6898 

214 

2062 

1110 

3.00 

600 

14.7 

7161 

223 

2331 

1170 

2.21 (stole.) 

600 

14.7 

7942 

247 

2621 

1425 

1.50 

600 

14.7 

7384 

230 

2063 

955 

3.00 

300 

7.35 

7167 

223 

2325 

1190 

2.21 (stole.) 

300 

7.35 

7914 

246 

2599 

1425 

1.50 

300 

7.35 

7384 

230 

2062 

955 

3.00 

600 

7.35 

7576 

236 

2331 

1010 

2.21 (stole.) 

600 

7.35 

8437 

262 

2621 

1240 

1.50 

600 

7.35 

7782 

242 

2063 

810 

3.00 

300 

.147 

8721 

271 

2325 

480 

2.21 (stole.) 

300 

.147 

9751 

303 

2599 

615 

1.50 

300 

.147 

8869 

276 

2062 

350 

3.00 

600 

.147 

8854 

275 

2331 

400 

2.21 (stole.) 

600 

.147 

9920 

308 

2621 

515 

1.50 

600 

.147 

8996 

280 

2063 

300 






TA3L^ IX 


PRRPORMAHCR SUMMARY 


WHjd) . 03(1) 


r 

Pc 


C 

I SP 

To X 

Tc X 

2.00 

300 

14.7 

8486 

264 

3280 

2400 

1.41 (stoic.) 

300 

14.7 

8930 

278 

3285 

2460 

1.10 

300 

14.7 

8901 

277 

3124 

2050 

0.80 

300 

14.7 

8292 

258 

2564 

1423 

2.00 

600 

14.7 

9233 

287 

3352 

2200 

1.41 (stolo) 

600 

14.7 

9749 

303 

3362 

2290 

1.10 

600 

14.7 

9649 

300 

3179 

1802 

0.80 

600 

14.7 

8910 

277 

2573 

1220 

2.00 

300 

7.35 

9199 

286 

3280 

2200 

1.41 (stoic.) 

300 

7.35 

9692 

301 

3285 

2280 

1.10 

300 

7.35 

9621 

299 

2124 

1805 

0.80 

300 

7.35 

8921 

277 

2564 

1230 

2.00 

600 

7.35 

9873 

307 

3352 

2185 

1.4l (stoic.) 

600 

7.35 

10414 

324 

3362 

2100 

1.10 

600 

7.35 

10233 

318 

3179 

1580 

0.80 

600 

7.35 

9412 

293 

2573 

1050 

2.00 

300 

.147 

11684 

363 

3280 

1100 

1.41 (stoic.) 

300 

.147 

12409 

386 

3285 

1220 

1.10 

300 

.147 

11872 

369 

3124 

796 

0.80 

300 

.147 

10786 

335 

2564 

465 

2.00 

600 

.147 

11936 

371 

3352 

1140 

1.41 (stoic.) 

600 

.147 

12721 

396 

3362 

1060 

1.10 

600 

.147 

12132 

377 

3179 

665 

0.80 

600 

.147 

10972 

341 

2573 

380 










Hgd) 

- 03(1) 




r 

Pc 

Pe 

c 

7 30 

Te^K 


9.92 

300 

14.7 

10129 

315 

3634 

2870 

7.94 (stoic.) 

300 

14.7 

10613 

530 

3640 

2900 

6.61 

300 

14.7 

11107 

345 

3607 

2820 

4.96 

300 

14.7 

11762 

366 

3447 

2500 

9.92 , 

600 

14.7 

11059 

344 

3752 

2770 

7.9^ (stoic.) 

600 

14.7 

11665 

363 

3760 

2815 

6.61 

600 

14.7 

12227 

380 

3721 

2710 

4.96 

600 

14.7 

12816 

398 

3537 

2280 

9.92 

300 

7.35 

11021 

343 

3634 

2735 

7.94 (stoic.) 

300 

7.35 

11629 

362 

3640 

2765 

6.61 

300 

7.35 

12113 

377 

3607 

2670 

4.96 

300 

7.35 

12768 

397 

3447 

2275 

9.92 

600 

7.35 

11856 

368 

3752 

2625 

7.94 (stoic.) 

600 

7.34 

12521 

389 

3760 

2675 

6.61 

600 

7.35 

13081 

407 

3721 

2550 

4.96 

600 

7.35 

13651 

424 

3537 

2010 

9.92 

300 

.147 

14391 

447 

3634 

1920 

7*94 (stole.) 

300 

.147 

15217 

473 

3640 

2015 

6.61 

300 

.147 

15768 

490 

3607 

1650 

4.96 

300 

.147 

l6oai 

500 

3447 

1080 

9.92 

600 

.147 

14819 

461 

3752 

1710 

7*94 (stole) 

600 

.147 

15739 

489 

3760 

1910 

6.61 

600 

.147 

16214 

504 

3721 

1430 

4.96 

600 

.147 

16442 

511 

3537 

910 






- T 23 - 


TA3U5 X 


PROZSH FRRPORMAHC^ SUMMARY 


RFMA - IfHj 



r 

Pc. . 

..Pe 

0 

Im 

To^K 

Te°K 

3.00 

(stoic.) 

300 

14.7 

6563 

204 

2525 

1315 

2.21 

300 

14.7 

7199 

224 

2599 

1505 

1.50 

300 

14.7 

6898 

214 

2062 

1110 




NH 

3 * O3 




2.00 . 

300 

14.7 

8155 

254 

3200 

1882 

1.41 (stoic.) 

300 

14.7 

8544 

266 

3285 

1900 

1.10 

300 

14.7 

8643 

269 

3124 

1780 

0.80 

300 

14.7 

8232 

256 

2564 

1395 




H2 

- O3 




9.92 

300 

14.7 

9578 

298 

3634 

2095 

7.94 (stole.) 

300 

14.7 

10091 

314 

3640 

2100 

6.61 

300 

14.7 

10566 

329 

3721 

2060 

4.96 

300 

14.7 

11306 

352 

3447 

i960 









-A 1- 


APFSNDIX I 

PHOZRn FLOW 

It is assumed In tlie body of this thesis that equilibrium 
exists throughout the expansion process. This may not be cor¬ 
rect since during expansion the gases undergo a very rapid 
change of temperature and pressure so that equilibrium may 
not be maintained to exhaust conditions. Therefore it is 
valuable to calculate performance of rocket propellants assuming 
"froten" flow. This assumes that the composition of the gases 
is the same at exhaust conditions as It is at the chamber 
conditions. Frozen flow represents the amount of energy 
obtained from the precess dxie only to the decrease in sensible 
heat with the drop in temperature. This is the least energy 
obtainable from the expansion and represents one of two extremes 
of the expansion process. 

In all probability the composition of the combustion 
gases at the exhaust temperature end pressui^ lies somewhei^ 
between the equilibrium and frozen flow. 

For the frozen composition calculations it is assumed 
that the change in composition of each component is linear 
within the 100-degree interval bracketing the chamber temper¬ 
ature. Accordingly, the composition at the theoretical chamber 
temperature is calculated and held constant during expansion. 

The procedure used in calculating Ah and s is the same 
as in the case of equilibrium flow except that the composition 
at the exhaust conditions is considered to be the same as 
that in the chamber. 


-A 2- 


Perfonaancos for the th’-foe cyateraa considered wore 
calculated for a chamber pressure of 300 psla and an exhaust 
pressure of 14.7 psla. These values are included In Table T-10. 
Prosen flow nppear's as dotted lines on the enthalpy-entropy 
diagrams. 
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